Phytochrome B (PhyB), one of the major photosensory chromoproteins in plants, mediates a variety of light-responsive developmental processes in a photoreversible manner. To analyze the structural requirements of the chromophore for the spectral properties of PhyB, we have designed and chemically synthesized 20 analogs of the linear tetrapyrrole (bilin) chromophore and reconstituted them with PhyB apoprotein (PHYB). The A-ring acts mainly as the anchor for ligation to PHYB, because the modification of the side chains at the C2 and C3 positions did not significantly influence the formation or difference spectra of adducts. In contrast, the side chains of the B-and C-rings are crucial to position the chromophore properly in the chromophore pocket of PHYB and for photoreversible spectral changes. The side-chain structure of the D-ring is required for the photoreversible spectral change of the adducts. When methyl and ethyl groups at the C17 and C18 positions are replaced with an n-propyl, n-pentyl, or n-octyl group, respectively, the photoreversible spectral change of the adducts depends on the length of the side chains. From these studies, we conclude that each pyrrole ring of the linear tetrapyrrole chromophore plays a different role in chromophore assembly and the photochromic properties of PhyB.
L
ight acts not only as an energy source for life but also as an environmental signal regulating plant development and animal behavior. Organisms can sense intensity, wavelength, direction, and timing of illumination by using diverse photoreceptors. Plants contain several kinds of photoreceptors, including phytochromes (1), cryptochromes (2) , phototropin, and zeaxanthin (3) to detect light signals. Phytochrome, one of the bestcharacterized photoreceptors in plants, was discovered as a chromoprotein controlling red͞far-red reversible developmental responses (4) . Phytochrome shows photoreversible absorption changes between two spectrally distinct forms-a red-lightabsorbing form (Pr; max, 660 nm) and a far-red-light-absorbing form (Pfr; max, 730 nm), on sequential absorption of light. This unique photochromic property of phytochrome results from the interaction of the chromophore with apoprotein of phytochrome. The two main approaches to elucidate apoproteinchromophore interaction are site-directed mutagenesis (5) and chromophore modification by chemical synthesis (6, 7) , because the crystal structure of holoprotein has not yet been determined.
The structure of the phytochrome chromophore was investigated initially by degradation approaches. In 1969, the bile pigment produced from the Pr chromophore by oxidative degradation was first analyzed, and components derived from the Band C-rings were identified (8) . The degradation product from the A-ring was released and identified in a two-step reaction (9) after the isolation of the product from the D-ring (10) . Finally, the chromophore of phytochrome was determined as phytochromobilin (P⌽B), which differs from phycocyanobilin (PCB) only by substitution of the D-ring ethyl group with a vinyl group (11) . In addition, the ligation site of the chromophore was investigated by proton NMR spectroscopy of phytochromopeptides isolated from sequential pepsin-thermolysin digestion of oat phytochrome in the Pr form. P⌽B was shown to ligate to the A-ring via a cysteine residue located in the N-terminal half of apoprotein of phytochrome A (PHYA; ref . 11) . When the chromophore of phytochrome absorbs the appropriate wavelength of light, a conformational change is induced in both the chromophore and the phytochrome, following a Z to E isomerization at the C15-C16 double bond of the chromophore (12) .
Little is known about the structural requirements of the chromophore for holophytochrome functions, because of the difficult nature of chemical synthesis of the linear tetrapyrrole (bilin) chromophore. P⌽B, the common chromophore of phytochrome, is very similar in structure to PCB, which is a chromophore of the light-harvesting pigment phycocyanin, although the functions of these two photoreceptors are different (13) . Early studies used PCB purified from algae, which was assembled in vitro with recombinant PHYA. Li and Lagarias (6) purified P⌽B, PCB, phycoerythrobilin, biliverdin, and bilirubin from algae and assembled them with recombinant oat PHYA. Gossauer and Hinze (14) reported total synthesis of the dimethyl ester derivatives of P⌽B and PCB, but they were unable to assemble these analogs with phytochrome apoprotein. After the efforts of a decade, we succeeded in synthesizing PCB, P⌽B, and various PCB analogs in free-acid forms by developing efficient methods for the preparation of each pyrrole ring (15) (16) (17) (18) (19) (20) and a method for coupling them (18, (21) (22) (23) (24) and palladium-catalyzed deprotection of the allyl propanoate side chains of B-and C-rings under mild conditions (15) .
The development of yeast and bacterial systems for the expression of recombinant phytochrome apoprotein has allowed investigation of the biochemical and spectroscopic properties of low-abundance phytochromes and comparisons among the different phytochrome family members, phytochrome A-E in Arabidopsis (25, 26) . Holophytochromes assembled with PCB showed photoreversible spectral change, although its peaks were slightly blue shifted when compared with the native phytochrome (27) (28) (29) . Other strategies, including systematic N-and C-terminal truncations and site-directed mutagenesis of the apoprotein, have been used to study the structural requirements of the chromophore-apoprotein interaction in terms of photochromism (30) (31) (32) .
Phytochromes have long been believed to be the photoreceptors for red͞far-red reversible reactions, but it has become evident that holophytochrome A and B (PhyA and PhyB) perceive light in essentially different manners (33) . PhyB photoreversibly switches responses on or off on alternate irradiation with red͞far-red light, whereas PhyA triggers very low-fluence or high-irradiance responses (34) . The spectral properties of PhyA Abbreviations: PhyA and PhyB, spectrally active holoprotein of phytochrome A and B; PHYA and PHYB, apoprotein of phytochrome A and B; PHYB, cDNA of phytochrome B; Pr, phytochrome in the red light-absorbing form; Pfr, phytochrome in the far-red lightabsorbing form; PCB, phycocyanobilin; P⌽B, phytochromobilin. ‡ To whom reprint requests should be addressed. E-mail: mfuruya@harl.hitachi.co.jp.
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have been well characterized because of the relatively high abundance of this photoreceptor in dark-grown tissue. In contrast, PhyB has not been well characterized because of its low abundance in native tissue. Recently, several groups reported in vitro assembly of PhyB and showed that it has similar spectral properties to PhyA (35) (36) (37) .
In this paper, we characterized PhyB reconstituted from apoprotein of phytochrome B (PHYB) with chemically synthesized bilin analogs. The present study probed the apoprotein pocket for the chromophore and revealed that each pyrrole ring of the bilin chromophore plays different roles for photochromism of the PhyB adducts.
Materials and Methods
Chemical Syntheses of Phycocyanobilin and Its Analogs. PCB, P⌽B, and analogs were synthesized chemically as reported previously (references are summarized in Table 1 ). The various D-ring structures in analogs 13-20 were prepared as follows. First, the regioisomers of tosylpyrroles were prepared by Barton's method (38) , followed by rearrangement reaction of the tosyl groups of 2-tosylpyrroles (19) . Next, conversion of 2-tosylpyrroles to 5-tosylpyrrolinones (corresponding to the structure of the D-ring in Fig. 1 ) was achieved by bromination and subsequent acidic hydrolysis (24) . Finally, tetrapyrrole structures using these Drings were constructed according to the described method (15) . All bilins were stored as 2-mM stock solutions in dimethyl sulfoxide under nitrogen atmosphere at Ϫ80°C.
Plasmid Construction and Expression of PHYB in Saccharomyces cerevisiae. For construction of the Arabidopsis PHYB expression vector, we performed PCR by using two oligonucleotide primers 5Ј CGA TAT CAT GGT TTC CGG AGT CGG 3Ј and 5Ј ACC CGG GCT AAT ATG GCA TCA TCA 3Ј, and as a template, the plasmid including Arabidopsis full-length cDNA of PhyB, PHYB (generous gift from Joanne Chory). The BglII-SalI fragment of the yeast episomal plasmid pAA7 (39) was substituted by the EcoRV-SmaI fragment for the PCR product, downstream of the promoter of the GAL7 gene. Transformation and expression of PHYB was performed as reported (40) .
In Vitro Assembly of PHYB with Bilins. In vitro assembly was carried out as described (30) . After disruption of the cells, the extract was clarified (12,000 ϫ g for 30 min at 4°C). The supernatant fluid was used for reconstitution experiments. The total protein concentrations of extracts were measured by the Bio-Rad Protein Assay kit and adjusted to 6.5 mg͞ml. All subsequent procedures were carried out under dim green safelight as described (41) . Adduct formation was achieved by incubation of the protein extract with 5-M bilins for 1 h on ice. Assembled fractions were used for zinc-blot analysis (Table 2 ) and determination of difference spectra (Figs. 2-4).
Zinc-Blot Analysis of Adducts. Reconstituted samples were separated electrophorically on 7.5% SDS͞PAGE gels. Zn 2ϩ -induced luminescence of biliproteins was visualized (42) by using a bioimage analyzer (FMBIO-II; Hitachi Software Engineering, Kanagawa, Japan) after incubation of the gel in a buffer containing 20 mM zinc acetate and 150 mM Tris⅐HCl (pH 7.0). CH 2CH2SC6H4CH3-p ‡ *R 1 -R 9 , side chains of PCB (see Fig. 1 ). † Analog structures are identical to PCB except where indicated. ‡ Present study. Ligation efficiency was determined by comparison of the band intensity to that resulting from assembly of an equivalent amount of PHYB assembled with PCB.
Measurement of Absorption and Difference Absorption Spectra of
Adducts. Absorption spectra were determined with a custommade spectrophotometer (model Genespec V; Naka Instruments, Ibaragi, Japan) at 8°C by using quartz cuvettes with a 2-mm-wide slit and a 1-cm-long light path. The actinic beams for photoconversion were provided by light-emitting diodes (Qbeam 2200; Quantum Devices, Barneveld, WI) with peak wavelengths of 670 Ϯ 23 nm and 742 Ϯ 32 nm, respectively. Absorption spectra of PhyB-containing solutions were determined after actinic red light (8 mmol m
Ϫ2
) or far-red light (7 mmol m Ϫ2 ) for 10 seconds, both of which were calculated to saturate phytochrome photoconversion. Difference spectra of the PHYB adduct with analogs were obtained by subtracting the absorption spectrum recorded after red light from that recorded after far-red light.
Partial Purification of PHYB Adducts. To measure the absorption spectra, we performed partial purification of PhyB adducts by using the IMPACT system kit (New England Biolabs). For construction of the expression vector, a PCR fragment of the full-length PHYB was generated with two primers 5Ј-ACA TAT GGT TTC CGG AGT CGG GGG TAG TG-3Ј and 5Ј-AAA GCA CCC GGG CTC GAG ATA TGG CAT CAT CAG CAT-3Ј, which introduced an NdeI site directly preceding the ATG codon and an SmaI site at the 3Ј end. This fragment was ligated into NdeI-SmaI-digested pTYB2 (New England Biolabs). The resulting plasmid was transformed into Escherichia coli strain ER2566 (New England Biolabs), and PHYB was expressed according to the instructions of the manufacturer. The cells were broken by sonication, and then clarified cell extract was obtained by centrifugation at 12,000 ϫ g for 30 min. For reconstitution, PCB and analogs 15 and 18 were added to extracts at a 5-M final concentration and kept in darkness for 1 h at 4°C. The purification procedure was performed according to the manufacturer's instructions, with slight modifications. The extract was loaded onto the chitin column. Self-cleavage of the chitin-bound intein tag was achieved by keeping the tag for 16 h at 16°C with the cleavage buffer [20 mM Hepes͞1 mM EDTA͞50 mM DTT (pH 7.8)] after washing the column. The supernatant containing free PhyB was concentrated and applied to a DEAE-Sepharose Fast Flow (Amersham Pharmacia) column equilibrated with 50 mM Tris⅐HCl buffer (pH 7.8). The PhyB fraction was eluted by the linear gradient of NaCl (0-500 mM) and determined by zinc-blot analysis. The protein concentrations of the PhyB eluted fractions were measured by the Bio-Rad Protein Assay kit.
Results
Chemical Synthesis of Chromophore Analogs. PCB, P⌽B, and 20 analogs used in the present study are summarized in Table 1 . PCB is the structural base of all analogs. Analogs 1 and 3 were designed to investigate the stereochemical requirement at the C2 position of the chromophore, because the C2 carbon is active optically in native phytochromobilin. Analogs 2 and 4 were designed to probe the spatial and chemical environment of the A-ring in the chromophore-binding pocket of PHYB. Analogs 5-12 were designed to clarify the positional and spatial requirements of the propanoic acid side chains in the B-and C-rings. Analogs 5 and 6 were regioselectively monoesterified derivatives. The positions of the methyl groups and propanoic acid side chains in the B-and C-rings were exchanged in analogs 7-9. The acid side chains were elongated further by one carbon in analogs 10-12. Modification of the D-ring is essential for analysis of photochromism, because the D-ring (position C15) is the site at which isomerization occurs during photoconversion of phytochrome. Substituents at the C17 and C18 positions of the D-ring were varied as vinyl (corresponds to P⌽B), methyl, n-propyl, n-pentyl, or n-octyl groups (correspond to analogs 13-18) in a regioselective manner for structure͞function analysis. In analogs 19 and 20, acetoxy and tolylthio groups were introduced at the ␤-position of the ethyl group at the C18 position. Chemically synthesized bilins were obtained as single [(3E), 4Z, 10Z, 15Z]-isomers with all-syn conformations confirmed by nuclear overhauser effect spectroscopy ( Fig. 1; refs. 16, 23) . Table 1 ). The difference spectra were obtained by subtracting the absorption spectra determined after far-red light irradiation from that measured after red light irradiation. The sample volumes were 800 l. Difference spectra were recorded after two consecutive red͞far-red cycles. Black and gray dotted lines indicate the difference spectra obtained after the first and second cycles, respectively. The vertical bars represent 0.002 absorbance difference units. The difference absorption spectra of the in vitro-assembled adducts of bilins with PHYB were measured on actinic far-red and red-light irradiations. The adduct with P⌽B showed a similar difference spectrum to that of the PCB adduct, except for the expected slight red shift of ⌬ min and ⌬ max (Fig. 2) . The wavelengths of ⌬ min and ⌬ max were consistent with those reported (43) , indicating that synthetic bilins were reconstituted with the apoprotein and were identical with the natural one extracted from algae. Fig. 1 ) were substituted as shown in Table  1 (analogs 1-4). We first examined the binding efficiency (chromophore-binding ratio) of analogs 1-4 with PHYB by Zn 2ϩ fluorescence-blot assay (Table 2 ). Dimethylation at C2 (analog 3) and one-carbon homologation at the C2 (analog 2) or C3 (analog 4) position of PCB increased the binding efficiency relative to PCB itself. However, demethylation at the C2 position (analog 1) of PCB did not affect the binding ratio.
Modification of Side
The PHYB adducts assembled with analogs 1-4 showed similar difference absorption spectra and photoreversibility to those with PCB and P⌽B. The results indicate that a hydrophobic environment and open space accommodate the A-ring of the tetrapyrrole at the binding site of PHYB, and that stereochemistry at the C2 position is not crucial for the ligation of the chromophore to PHYB. A slightly lower ⌬⌬ min ͞⌬⌬ max ratio for the adduct containing 2-demethylated PCB (analog 1) suggests that a hydrophobic substituent such as methyl group at C2 position in PCB is responsible for stabilizing the Pfr form. , and R 7 (see Fig. 1) were varied, as shown in Table 1 . Analogs 5-12 were assembled with PHYB, and the difference spectra of the resulting adducts were recorded (Fig. 3) .
The binding efficiency of chromophore to PHYB significantly decreased by regioselective monoesterification of the propanoic acid side chain at the C8 (analog 5) or C12 (analog 6) position of PCB (Table 2) . Exchanging the methyl groups and the propanoic acid side chains of the B-and C-rings (analogs 7-9) also decreased the binding efficiency remarkably. In particular, the chromophore-binding ratios for analogs 7 and 9 were less than 30% of that of PCB. However, elongation of the acid side chains from propanoic to butanoic acid (analogs 10-12) did not affect binding efficiency ( Table 2 ). The PHYB adducts assembled with analogs 5-9 showed relatively weak absorption bands around 650 nm corresponding to their Pr form, but virtually no absorption bands around 710 nm corresponding to the Pfr form, except for the analog 8 adduct (Fig. 3) . Among analogs 10-12, PHYB adducts with analogs 10 and 11 had difference spectra somewhat similar to that of PCB, but the absorption band around 710 nm did not appear for analog 12. When PHYB adducts retained a propanoic acid as side chain at the C8 position of the B-ring, as in analogs 8 and 11, they displayed photochromism. In the case of the PHYB analog 6 adduct, reproducible photoreversibility was observed despite the disappearance of the absorption band at 710 nm.
Modification of Side Chains in the D-Ring.
Assuming that the photoreversibility of phytochrome results from the photoisomerization of the double bond at the C15 position of the chromophore, next we investigated steric requirements for the substituents R 8 and R 9 at the C17 and C18 positions of the D-ring. We synthesized several regioisomers (analogs 13-18) bearing longer alkyl chains at the C17 or C18 position ( Table 1 ). The binding efficiency of analogs 13-15, substituted at the C17 position, decreased depending on the length of the alkyl chain (Table 2) . On the other hand, isomers containing the corresponding substitutions at the C18 position (analogs [16] [17] [18] ligated to PHYB with an efficiency comparable to PCB and P⌽B (Table 2 ). This result suggests that the environment of C18 within the chromophore-binding pocket of PHYB is hydrophobic and more flexible than that of C17.
The difference spectra of PHYB adducts with analogs 13-18 showed attenuated photoreversibility with increased length of the alkyl group at either the C17 or C18 position (Fig. 4) . The PHYB adducts assembled with analogs 13 and 16 showed reproducible difference spectra similar to that of PCB. However, analogs 14 and 17 showed a reduction in the absorption peak at around 710 nm corresponding to the Pfr form. Adducts with analog 18, bearing the n-octyl group at C18, showed absorption peak in the red region with a maximum located around 650 nm. This peak was not observed in adducts with analog 15, which bears the same alkyl group at the C17 position. These results suggest that free space exists around C18 of the D-ring in the chromophore-binding pocket of PHYB. This suggestion was supported by the results from analogs 19 and 20, which respectively carry the 2-(acetoxy)ethyl or 2-(tolylthio)ethyl groups at the C18 position. These analogs also ligated effectively to PHYB, and the resulting adducts showed photoconversion in the red region corresponding to the Pr form (Fig. 4) .
Absorption Spectra of Adducts with PCB and Analogs. We measured the absorption spectra of adducts with PCB and analogs to elucidate the photochromic properties of the various PhyB adducts in more detail. Compared with the PCB adduct, adducts with analog 18 showed only a far-red-induced peak at around the 650 nm, and no significant red-light-induced peak was detected (Fig. 5) . When the adduct with analog 18 was irradiated with sequential red and far-red light, the peak at 650 nm disappeared. Difference absorption spectra of the adduct with analog 15 showed no photoreversibility (Fig. 4) , suggesting the possibility that the adducts might be locked in the Pr or Pfr form. However, no significant peak was detected in the absorption spectra or in Fig. 3 . Difference absorption spectra of the PHYB adducts with PCB analogs having side-chain substituents in the B-and C-rings (analogs 5-12; see Table 1 ). The difference spectra were obtained as described in the legend to Fig. 2 . Black and gray dotted lines indicate the difference spectra obtained after the first and second cycles, respectively. The vertical bars represent 0.002 absorbance difference units.
difference absorption spectra of PhyB adduct with analog 15 (data not shown).
Discussion
The capture of a photon of visible light by the phytochrome chromophore occurs within a femtosecond (44) . The lightexcited chromophore isomerizes to the Pfr form (45) , eventually influencing the structure and surface properties of the phytochrome protein (46) . Hence, characterization of the molecular interaction between the chromophore and the apoprotein is crucial for understanding the functional mechanism(s) of phytochromes. Several studies have addressed this interaction by using in vitro assembly of PHYA (5, 28, 29, 47) , PHYB (35, 37, 48) , PHYC and PHYE (43) , or apoprotein mutants (30) (31) (32) . However, in contrast to the vertebrate photoreceptor rhodopsin (49) , in the phytochrome field, little has been done to examine the relationships among chromophore structure, its assembly to apoprotein, and photochromism of the holoprotein, because of the difficulty of synthesizing the chromophore and its structural analogs. This study has investigated the structural features of bilin binding to recombinant Arabidopsis PHYB and spectral properties of assembled PhyB by using systematically synthesized analogs of the natural phytochrome chromophore.
An important and as-yet-unresolved question concerns assembly of the bilin chromophore with apoprotein of phytochromehow does the chromophore become oriented to allow ligation to the cysteine of the phytochrome apoprotein? The results of the present study give some insight into this question. First, modifications in A-and D-rings do not significantly affect chromophore binding to PHYB, suggesting that the chromophore pocket is larger and more flexible than thought previously. These results indicate that both the 3E and 3Z isomers of phytochromobilin most likely can bind to PHYB and also suggest that PHYB cannot distinguish synthetic bilins containing the 2R and 2S isomers. These hypotheses mean that it may be necessary to consider the heterogeneity in both natural and recombinant phytochrome samples when analyzing photochemical properties. Second, modification of the propanoic acid side chains of the C8 and C12 positions at the B-and C-rings has a substantial effect on chromophore binding, suggesting that free-acid elements are required for this event. A similar result has been reported already for pea PHYA (31) , raising the possibility that chromophore binding is dictated by the electrostatic interaction between propanoic acid side chains and basic amino acid residues such as Arg or Lys of the phytochrome apoprotein (31), perhaps analogous to heme binding in cytochrome c (50) . Our present data support this hypothesis. However, we cannot rule out a hydrogen-bonding as opposed to an ionic interaction. Experiments using analog-substituted propanoates into propanamides will make this hypothesis clear when chemical synthesis of the analogs is achieved. Third, the modification of the B-and C-ring side chains by one-carbon homologation of carboxyl groups did not affect binding efficiency suggesting that enough space may exist around the B-, C-, and D-rings to allow free movement of the chromophore in the chromophore-binding site of the apoprotein.
Two propanoate side chains not only serve as an electrostatic anchor for the chromophore in its pocket with PHYB, but also indirectly participate in photochromism. Because pea PhyA with either the R 5 or the R 6 methylester did not show any photoreversible spectral change (31), the chromophore-apoprotein interaction might be slightly different for PhyA and PhyB. Two propanoate side chains of all tetrapyrrole chromophores in allophycocyanin are accessible from the surface of the protein molecule (51) . The two propanoic side chains of the heme in cytochromes (52) , myoglobin (53) , and hemoglobin (54) also are exposed from the heme pocket, but those of mitochondrial cytochrome c are buried in a crevice (50) . In this regard, PhyB appears to resemble the mitochondrial cytochrome c. The phytochrome protein seems therefore to differ from other Table 1 ). The difference spectra were obtained as described in the legend to Fig. 2 . Black and gray dotted lines indicate the difference spectra obtained after the first and second cycles, respectively. The vertical bars represent 0.002 absorbance difference units.
phycobiliproteins in providing a deeper, distinctly shaped chromophore pocket, which allows for photoreversibility.
The present work allows us to outline the order of events during in vitro assembly of PHYB with its chromophore. First, the ligation of chromophore to PHYB is initiated by an electrostatic interaction between the propanoic acid side chains of the B-and C-rings and a basic amino acid residue such as Arg or Lys. Second, the A-ring falls into the hydrophobic site close to the Cys of PHYB followed by nucleophilic attack of the thiol group to the exoethylene carbon at C2 to form a thioether bond. Finally, the D-ring also falls into a hydrophobic pocket where open space exists at least around the C18 position of the chromophore. Rotation around the C14͞C15 single-bond axis probably occurs at this stage, forming the extended structure of the chromophore in PHYB. It is possible to replace a side chain at the C17 or C18 position of the D-ring with a bulky substituent without loss of photoconversion. These positions are suitable to be labeled with a photoreactive group for photoaffinity studies in the future.
The present collaborative study has opened an avenue of research toward understanding the nature of holophytochrome assembly and the chromophore pocket in vitro. It may be interesting to introduce the synthetic analogs described here into living plant cells to gain a better understanding of light sensing in a natural environment.
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